A marked deficiency in glutathione (GSH), the most abundant antioxidant in living systems, plays a major role in aging and the pathogenesis of diseases ranging from neurological disorders to early atherosclerosis and the impairment of various immunological functions. In an attempt to shed light on GSH homeostasis, we carried out the space experiment SCORE (Saccharomyces cerevisiae oxidative stress response evaluation) during the FOTON-M3 mission. Microgravity and hyperoxic conditions induced an enormous extracellular release of GSH from S. cerevisiae cells (≈ 40% w/dw), changed the distribution of the buds, and activated the high osmolarity glycerol (HOG) and cell integrity/PKC pathways, as well as protein carbonylation. The results from the single spaceflight experiment were validated by a complete set of experiments under conditions of simulated microgravity and indicate that cytoskeletal alterations are mainly responsible for the observed effects. The results of ground experiments in which we induced cytoskeletal modifications by means of treatment with dihydrocytochalasin B (DHCB), a potent inhibitor of actin polymerisation, or (R)-(+)-trans-4-(1-aminoethyl)-N-(4-pyridyl)cyclohexanecarboxamide dihydrochloride monohydrate (Y-27632), a selective ROCK (Rhoassociated coiled-coil forming protein serine/threonine kinase) inhibitor, confirmed the role of actin in GSH efflux. We also found that the GSH release can be inhibited using the potent chloride channel blocker 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB).
Introduction
Exposure to a spaceflight environment can induce multiple changes in living systems, such as increased stress hormone levels, insulin resistance, an altered immune response, and abnormal musculoskeletal system structure and function, which can have undesirable effects on normal physiological processes. Many of these effects parallel the alterations implicated in diseases of aging, but they occur and develop much more rapidly in space [1] [2] [3] . In particular, the space environment is associated with increased oxidative damage, which is possibly due to the generation of high-energy free radicals from radiation or changes in oxygen/intermediary metabolism. Russian investigators have found evidence indicating increased lipid peroxidation in human erythrocyte membranes after a long spaceflight and a decrease in some blood antioxidants [4] . It is well known that, to prevent oxidative damage, cells have developed a "multiple ways oxidative stress response" to counteract the effects of reactive oxygen species (ROS) by means of detoxifying enzymes (catalase, superoxide dismutase, and peroxidase) and thiol systems such as glutathione (GSH) and thioredoxin [5] . The livers of rats placed aboard Space Shuttle STS-63 for 8 days showed significantly decreased catalase, GSH reductase and GSH sulfur-transferase activities and dramatically decreased total liver GSH levels [6] . GSH plays a major role in a large number of cellular processes, such as differentiation, proliferation, and apoptosis, and alterations in GSH homeostasis are implicated in the development of a large number of human diseases ranging from cancer to cystic fibrosis, neurodegenerative disorders, and aging-related pathologies [7] .
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Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w. e l s e v i e r. c o m / l o c a t e / b b a m c r with mammalian cells but is much less demanding, which makes it perfect for both ground and space experiments in which the possibilities of temperature control and nutrient supplementation are limited. We selected an essential medium suitable for keeping the cells in a nondividing but metabolically active state and optimised for GSH production. Avoiding the use of free radical-generating compounds [13] , we chose molecular oxygen as the oxidant because of the restrictions imposed by our spaceflight experimental setup and the reported evidence of hyperoxic damage [14] . In addition, the role of sim-μg in regulating S. cerevisiae gene expression and physiology has been extensively studied [15] [16] [17] . We participated in the 24-day FOTON-M3 space mission with the experiment SCORE (Saccharomyces cerevisiae oxidative stress response evaluation) to investigate the oxidative stress response of S. cerevisiae (particularly any alterations in GSH homeostasis) under conditions of real microgravity. Our hypothesis was that the consequences of a stress such as that induced by microgravity is the driving force behind the extracellular release of GSH (GSH ER). We here describe our spaceflight findings with ground controls (1g ctr) and supporting data obtained from sim-μg and 1 g experiments.
Materials and methods

Strain and culture conditions
S. cerevisiae L5267 (Lesaffre private strain collection, 0.25% dw) was incubated at 28°C in 100 mL of culture medium (CM): KH 2 PO 4 0.035 g, KOH 0.0037 g, (NH 4 ) 2 SO 4 0.07 g, MgSO 4 0.005 g, Na 3 citrate 0.1 g, glucose 0.4 g, L-cysteine 0.04 g, and glycine 0.04 g. All chemicals were purchased from Sigma. Hyperoxia was obtained saturating CM with oxygen. The temperatures 25°C and 28°C have been selected. Indeed, the temperature range 24-30°C has been checked to have no influence on the parameters considered in all our reported experiments.
On the space station or on a space craft, the gravitational force is approximately 10 − 4 to 10 − 6 g. There are bioreactors for cell cultures capable of modelling aspects of microgravity and the average gravitational force acting on the cells is reduced to about 10 − 2 to 10 − 3 [18] [19] [20] . However, for simplicity, we refer to these conditions of hypogravity as simulated microgravity (sim-μg). These devices are valuable to develop hypothesis concerning gravitational cell biology, to direct the design, scope, and also to substantiate orbital flight studies.
To simulate microgravity the rotating wall vessel bioreactor (RWV, Synthecon Inc, Houston, TX, USA) was used [21] . In this device, a 10-mL high aspect ratio vessel (HARV) rotates around an horizontal axis (28 rpm) and allows the gas diffusion across a semipermeable membrane. The vessel wall and the medium containing cells rotate at the same speed, producing a vector-averaged gravity comparable with that of near-earth free-fall orbit [19] . On the bases of previous studies, we calculated that the cells are exposed to reduced gravity levels of approximately 10 − 2 g [18] [19] [20] . S. cerevisiae was incubated in 10 mL HARV with the CM in normoxia or hyperoxia for 24 hours at 28°C.
Cell number was determined using a Coulter Counter-Particle Count and Size Analyser, Model Z2 on mildly sonicated and diluted samples as previously described [22] . Bud scar distribution was examined by UV fluorescence microscopy after chitin staining with Calcofluor White (CW). Total protein concentration was determined using the BCATM Protein Assay Kit (Pierce). pH values were determined using a pH meter Hanna HI 221.
The SCORE experiment hardware (EH)
The SCORE EH is an automated apparatus for cell culture (CC) and fixation designed for spaceflight. It consists of a battery pack, an electronic board, a peristaltic pump, and two separated bioreactors, including two variable volume modules (VVM) each. Each VVM (20 mL) consists of two chambers separated by a sliding piston. One VVM of each bioreactor is dedicated to CC and CM, the other to fixatives. A filter inside the CC chamber allows the separation between cells and liquids. The choice of materials was done considering the peculiar requirements of the EH: resistance to vibrations, hypergravity, chemicals, and low gas permeability. Plexiglass for CC chamber and media reservoirs, Pharmed for tubes, and Teflon for the o-rings were selected. To separate the yeast and the medium at the end of the experiment, suitable filters (Millipore, 0.25 μm) were used. Hyperoxia was obtained saturating CM with oxygen. Although the selected temperature was 28°C, the temperature recorded throughout the 24hour spaceflight experiment was 25 ± 0.2°C due to FOTON limitations. After landing and the return of the SCORE EH to our laboratory, filters and medium were frozen at −80°C. SCORE experimental protocol is reported in Fig. 1b .
Actin depolymerisation
S. cerevisiae was cultivated at 1 g in 10 mL of CM added with 3 μM dihydrocytochalasin B (DHCB, Sigma) in normoxia or hyperoxia for 24 hours at 28°C. We chose DHCB because it does not inhibit glucose uptake. Alternatively, S. cerevisiae was cultivated at 1 g in 10 mL of CM added with 10 -4 M (R)-(+)-trans-4-(1-aminoethyl)-N-(4-pyridyl) cyclohexanecarboxamide dihydrochloride monohydrate (Y-27632, Sigma), in normoxia or hyperoxia for 24 hours at 28°C.
Inhibition of chloride channels
To block chloride channels, S. cerevisiae was cultivated in hyperoxia for 24 hours at 28°C in sim-μg or at 1 g with DHCB (as described above) in 10 mL of CM added with 10 −5 M 5-nitro-2-(3phenylpropyl-amino) benzoic acid (NPPB, water solution, Sigma).
Metabolites analyses
Ethanol and glycerol were identified analyzing the 1 H NMR spectra (Bruker AMX 500 WB spectrometer, 11.7 T) of the supernatant and their concentration were determined by integrating their relevant peaks versus a standard ((CD 3 ) 2 CO) of known concentration.
Intra-and extracellular GSH concentration was determined according to the method previously described [23] . The samples were analyzed by reverse-phase HPLC (Agilent LC 1100) using a Merk Purosphere RP-18 column endcapped 5 μm and a spectrophotometric detector (λ = 210 nm). Solvent: 25 mM NaH 2 PO 4 , pH 3.5 with 1 M TPA; flow rate: 0.6 mL/min. GSH was identified using a GSH standard solution (Sigma). We validated the data analyzing the 1 H NMR spectra of the supernatant and by integrating GSH relevant peaks versus a standard (C 6 D 6 ) of known concentration or, alternatively, using Glutathione Assay Kit (Sigma) according to the manufacturer's instructions.
Carbonylated proteins analysis
Yeast cells, separated by filtration, were washed once with phosphate buffered saline (PBS, pH 7.4) and resuspended in 10% vol./vol. glycerol, 2 mM EDTA and 1 mM protease inhibitor phenylmethanesulfonyl fluoride. Cells were broken with acid-washed glass beads in a Fast Prep FP120 (Bio101 Savant) through five cycles of 20 sec (4.5 speed setting), interspersed with cooling on ice. After centrifugation (18,000 rcf, 30 min, 4°C), the resulting supernatant was clarified with an identical round of centrifugation and then frozen at −20°C until used. Protein carbonyl groups were derivatized to 2,4-dinitrophenylhydrazone (DNP) by reacting with 2,4-dinitrophenylhydrazine (DNPH) according to Levine et al. [24] . Derivatized proteins were separated by SDS-PAGE electrophoresis on 8% polyacrylamide gels. Gels were blotted onto Hybond-P PVDF membranes (Amersham). DNP-derivatized proteins were detected with anti-DNP polyclonal antibody (ab6303, Abcam) diluted 1:3000 in PBS containing 5% fat milk and 0.1% Tween 20. Secondary antibodies were purchased from Amersham and diluted 1:10,000 in PBS, 5% fat milk, and 0.3% Tween 20. The binding was visualized with the ECL Western Blotting Detection Reagent (Amersham). Correct loading was confirmed by staining filters with Coomassie Brilliant Blue.
MAP kinases analysis
Cells were lysed with acid-washed glass beads in SDS Sample buffer supplemented with Phosphatase Inhibitor Cocktail 2 (Sigma) and EDTA-free Complete Protease Inhibitor Cocktail (Roche). SDS-PAGE was performed on 10% polyacrylamide gels. After blotting on nitrocellulose membrane (Protran), filters were stained for total protein with Ponceau Red (Sigma) before immunolabelling. The following primary antibodies (1:1000 diluted) were used: antiphospho-p38 (pThr180/pTyr182) (Cell Signaling Technology) that is specific to phospho-Hog1, anti-Hog1 (y-215) (Santa Cruz Biotechnology), anti-phospho-p44/42 (Thr202/Thr204), and anti-p44/42 MAP kinase (Cell Signaling Technology). Horseradish peroxidaseconjugated anti-rabbit antibodies (Amersham) were diluted 1: 10,000. Blots were developed as above.
Reverse transcription (RT)-PCR
Total RNA extraction, DNase I digestion, and RNA cleanup were performed as previously described [25] . RT-PCR was carried out to amplify the GSH1, GSH2, GTT1, CTT1, HSP26, YCF1, and BPT1 mRNAs and 16S rRNA using the iScript cDNA Synthesis kit and iTaq DNA Polymerase (Bio-Rad) according to the manufacturer's instructions. The number of cycles was lowered to 15/20 so that amplification was in the exponential range. Quantification was performed by using Image J software. Intensity values were normalized according to the 16S rRNA level. Experiments were repeated at least twice with different RNA preparations. Primer sequences are available upon request.
Statistical analysis
Student's t test was used to determine statistical significance. Results are expressed as the mean± SEM from an appropriate number of experiments as indicated in the figure legends. P ≤ 0.01 was considered statistically significant.
Results and discussion
The SCORE spaceflight experiment
The FOTON-M3 space mission allowed us to investigate the oxidative stress response of S. cerevisiae under conditions of real microgravity. SCORE involved two parallel experiments designed to distinguish the effects of oxidative stress and microgravity: one under hyperoxic conditions (oxygen, SCORE hyperoxia) and one under normoxic conditions (air, SCORE normoxia). Fig. 1 shows the cultivation system ( Fig. 1a ) developed in collaboration with Thales Alenia Space, the experimental protocol (Fig. 1b) and results (Figs. 1c-f ). As spaceflight constraints limited the choice of fixatives for the ground analyses of the flown samples, we concentrated on GSH and cell wall stress responses rather than actin cytoskeleton imaging because it is well known that various cell types cultured in microgravity undergo cytoskeletal rearrangements [26] [27] [28] .
SCORE was completely successful in both engineering and biochemical terms. We confirmed that the yeast cells were metabolically active during the spaceflight experiment as they completely consumed extracellular glucose, produced ethanol and glycerol as expected (Supplementary information, Figs. S1a, b) , and maintained a high intracellular trehalose content (data not shown) in response to the imposed stress. We also found that our hyperoxic conditions had oxidative consequences because there was a marked increase in protein carbonylation (Fig. 1d) , one of the principal and most frequently observed oxidative alterations [29] .
Analysis of the spaceflight samples ( Figs. 1c-f ) showed that 24 hours of hyperoxia induced an enormous GSH ER (≈40% w/dw), thus validating our hypothesis that microgravity plays a major role. In addition, the yeast responded to the imposed stress by activating two major pathways: high-osmolarity glycerol (HOG) MAP kinase and cell integrity/protein kinase C (PKC) pathways. HOG monitors cell swelling or shrinking and senses oxidative stress, whereas PKC responds to changes in cell morphology by controlling the expression of genes involved in the cell wall biogenesis and the reorganisation of the actin cytoskeleton [30] . In detail, we considered the two proteins Hog1 and Slt2. Hog1 was highly activated only under the SCORE hyperoxic conditions (as a result of the combined effects of microgravity and oxidative stress), whereas Slt2, which senses the microgravity environment, was activated under both SCORE hyperoxic and SCORE normoxic conditions. In line with previous space mission results [27] , there was a two-fold increase in random budding, although the budding frequency was very low (≈20%), due to our culture conditions.
The SCORE results were due to various conditions acting together: 1) fermentation in an essential medium optimised for GSH production, 2) microgravity, and 3) oxidative stress. They can find a logical interpretation. Briefly, hyperoxia and the optimised medium stimulate intracellular GSH production. Microgravity induces responses that are similar to those generated by an osmotic shock [16] capable of mediating cytoskeletal rearrangements, and this activates the yeast's volume-sensitive ion channels through which GSH is released.
Ground experiments
Spaceflight simulation
To validate the results of the single space experiment, we performed a complete set of sim-μg experiments under hyperoxic and normoxic conditions, using the RWV bioreactor. We are confident of the reliability of our results because we had previous experience with various simulators [31] [32] [33] confirming data obtained in real microgravity [34] , thus suggesting the suitability of using these surrogate systems for bench-top microgravity research.
These experiments ( Figs. 2a-d) give significance to our spaceflight results because of the clear evidence of a high rate of GSH ER (≈10% w/dw) with protein carbonylation under hyperoxic conditions, Hog1 and Slt2 activation under both normoxic and hyperoxic conditions, and a 1.7-fold increase in random budding. The fact that some of the sim-μg values are lower than those obtained in the spaceflight experiment is due to the limitations of the sim-μg device.
In addition, there were no changes in cell viability in comparison with the related ground controls, as confirmed by the evaluation of the number of colony-forming units (CFUs). Furthermore, high-osmolarity, sodium dodecyl sulphate, and calcofluor white plate-sensitivity assays indicated no major changes in cell wall integrity or permeability (data not shown).
The increase in random budding and the activation of the cell integrity pathway observed in the space and sim-μg experiments indicated that the observed effects are mainly due to cytoskeletal alterations [30] .
Chemical cytoskeletal modifications at 1 g confirm actin involvement in the extracellular release of GSH in hyperoxia
To determine whether the high rate of GSH ER was the yeast's response to microgravity-mediated cytoskeletal alterations, we treated cells on ground with dihydrocytochalasin B (DHCB), a well known inhibitor of actin polymerisation [35] , under normoxic and hyperoxic conditions using the same analytical protocol. As in the case of the simμg and SCORE experiments, the results ( Figs. 2a-d) indicated a high rate of GSH ER (≈8% w/dw) with protein carbonylation under hyperoxic conditions, Hog1 and Slt2 activation, and a 1.5-fold increase in random budding. Furthermore, no changes in cell viability or in cell wall integrity or permeability, in comparison with the related ground controls, were detected (data not shown).
These data were confirmed by treating cells on ground with (R)-(+)-trans-4-(1-aminoethyl)-N-(4-pyridyl)cyclohexanecarboxamide dihydrochloride monohydrate (Y-27632), a potent and selective ROCK inhibitor [36] , under normoxic and hyperoxic conditions because it has been shown that the ROCK family of kinases is involved in the Rho-induced, myosin-dependent contraction and formation of actin stress fibres. As shown in Figs. 3a-d, and as in the case of the SCORE, sim-μg, and DHCB experiments, Y-27632 induced a high rate of GSH ER (≈12% w/dw) with protein carbonylation under hyperoxic conditions, Hog1 and Slt2 activation, and a 1.6-fold increase in random budding.
The dynamics of the GSH ER together with the evaluation of the expression of selected genes
We wanted to discriminate whether GSH is released throughout the 24 hours' experiment or in a certain time range. Fig. 4 shows the dynamics of the GSH ER due to hyperoxia in sim-μg and after DHCB treatment. In sim-μg (Figs. 4b-b′) GSH ER occurred between 10 and 11 hours after the start of fermentation (t = 0); at the same time, intracellular GSH peaked (≈2.3% w/dw) and then shortly returned to its initial level (≈0.5% w/dw). Similarly, but 4 hours earlier, the presence of DHCB under hyperoxic conditions (Figs. 4d-d′) induced GSH ER in 1 hour, but intracellular GSH appeared to be less modulated. Under both experimental conditions, glycerol concentrations increased in 1 hour at the same time as GSH ER. The results of the 1 g control experiment under hyperoxic conditions were as expected (Figs. 4a-a′).
As S. cerevisiae gene expression has been extensively studied under conditions of oxidative stress [12] and sim-μg [15] [16] [17] , we analysed the transcript levels of selected genes to determine whether the GSH ER observed under our experimental conditions can be associated with a mechanism of transcriptional regulation. In particular, we considered GSH1 and GSH2, encoding a gamma glutamylcysteine synthetase and a glutathione sinthetase respectively, that catalyse the two main steps of GSH biosynthesis; GTT1, encoding GSH transferase 1; BPT1 and YCF1, encoding two vacuolar GSH S-conjugate transporters of the ATPbinding cassette family; and two genes involved in stress response: heat shock protein 26 (HSP26) and CTT1, encoding the cytosolic catalase T. Their mRNA levels were analysed at selected time points in sim-μg, DHCB and 1g ctr cells (Fig. 5 ). High levels of HSP26 and CTT1 transcripts were observed between 4 and 9 hours in the sim-μg samples and they were still detectable after 11-12 hours. Very similar behaviour was observed in the samples treated with DHCB, whereas neither of the mRNAs was observed in the 1g ctr cells. The transcription of these genes indicates that cells activated a transcriptional response mediated by the MAP kinases pathway [37] , which is in line with the observed activation of Hog1. Furthermore, active CTT1 transcription indicated the activation of a specific defence against oxidative stress.
GSH1 and GSH2 transcripts appeared in the sim-μg and DHCB cells after 4 hours, and were detectable until GSH ER stopped. On the contrary GTT1, BPT1 and YCF1 mRNAs were present from the start of the experiment under all conditions, which indicates that these genes were expressed but did not undergo transcriptional modulation; it therefore seems that they are unrelated to the observed GSH ER. The comparable abundance of YCF1 and BPT1 transcripts is in line with published observations [38] ; in particular, a high level of BPT1 mRNA is Fig. 5 . Twenty-four-hour gene expression profiles in 1g ctr, sim-μg, and DHCB under hyperoxic conditions. (a) At selected time points, the cells were harvested and a semiquantitative RT-PCR was carried out to amplify GSH1, GSH2, GTT1, CTT1, HSP26, YCF1, and BPT1 mRNAs and 16S rRNA (used as control). In sim-μg, GSH1, GSH2, HSP26, and CTT1 were upregulated: highly expressed between 4 and 11 hours, and peaking between 8 and 9 hours. A similar trend was observed in DHCB, although high expression levels were reached between 4 and 9 hours, and peak levels between 7 and 8 hours. Differently, GTT1, BPT1, and YCF1 mRNAs were present from the start of the experiment under all conditions, indicating that these genes were expressed but did not undergo any transcriptional modulation. Changes of the transcript levels were estimated as relative abundance and calculated by densitometric analysis. Intensity values were normalized according to the 16S rRNA level. (b, c) Sim-μg. (b′, c′) DHCB. consistent with the high levels of Bpt1 in the early stationary phase due to its function in vacuolar detoxification [39] . These results indicate that sim-μg or DHCB under hyperoxic conditions affect the transcription of the genes involved in GSH biosynthesis and stress response but not in vacuolar transport (Fig. 6 ).
Involvement of the chloride channels in the GSH ER
Although their final effects are very similar, microgravity (real and simulated), DHCB and Y-27632 act differently. DHCB and Y-27632 depolymerise actin fibers, whereas microgravity alters the organisation of cytoskeleton machinery. In all of the considered cases, cells respond to the imposed stresses by activating volume-sensitive ion channels [40] [41] [42] [43] [44] .
Working on the hypothesis that anionic GSH is permeant in chloride channels, as observed in cystic fibrosis [45] , we repeated the sim-μg and DHCB experiments under hyperoxic conditions by adding the potent chloride channel blocker [42] 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) to the culture medium. In both cases, NPPB completely blocked GSH ER (Figs. 4c, c′, e, and e′), thus confirming the key involvement of chloride channels (Fig. 6 ).
Conclusions
SCORE took advantage of the extreme space environment to investigate the mechanisms responsible for GSH loss under oxidative conditions.
We are aware that the experiment has a number of limitations due to the well-known inconveniences of space biology, including the strictly limited number of samples and possible fixatives. Furthermore, the yeast cells were grown in an essential medium (i.e., under conditions close to stationary phase) that only contained a carbon source, some salts and the amino acids required to produce GSH, and we used mild oxidative stress to avoid the extensive chemical deterioration of our system.
Nevertheless, all of the experiments demonstrate that: 1) gravitational unloading induces the disorganisation of actin, and this causes critical cytoskeleton rearrangements that determine the activation of the volume-sensitive ion channels though which GSH is released; 2) the induction of actin alterations by means of two chemical compounds (DHCB and Y-27632) causes similar GSH ER in the presence of oxidative stress; and 3) in all cases, the actin-related activation of chloride channels is the main process responsible for GSH ER.
We are confident that these results significantly contribute to a better understanding of the mechanisms affecting GSH homeostasis in higher eukaryotes, and may provide insights into the underlying cause of GSH depletion in many diseases.
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